The eects of HIV-1 Tat protein on mitochondria membrane permeability and apoptosis were analysed in lymphoid cells. In this report we show that stabletransfected HIV-Tat cells are primed to undergo apoptosis upon serum withdrawal. This eect was observed in both the Jhan T cell line and the K562 cells, the latter expressing the bcr-abl chimeric gene, which confers resistance to apoptosis induced by dierent stimuli. Using a cyto¯uorimetric approach we have determined that serum withdrawal induces a disruption of the transmembrane mitochondrial potential (Dc m ) followed by an increase of reactive oxygen species (ROS) and the subsequent DNA nuclear loss in K562-Tat cells but not in the K562-pcDNA cell line. These pre-apoptotic events were associated with the cleavage of the caspase-3, while the expression of Bcl-2, Bcl-X L and Bax proteins was not aected by the presence of Tat. Regardless of the steady state of the Bax protein, we found that in both K562 and K562-Tat cells, this protein is located in the nucleus, but after serum withdrawal its localization was mainly in the cytoplasm. The activity of caspase-3 detected in K562-Tat cells after serum withdrawal paralleled with the mitochondria permeability transition. Nevertheless, in Jhan-Tat cells the inhibition of this caspase with the speci®c inhibitor, z-DEVD-cmk, did not aect the disruption of the mitochondria potential induced by serum withdrawal. Interestingly, we found that HIV-Tat protein accumulates at the mitochondria in the K562-Tat cells cultured under low serum conditions, and this mitochondrial localization correlated with the Dc m disruption detected in these cells. In addition, HIV-1 Tat protein synergies with protoporphyrin IX (PPIX), a ligand of the mitochondrial benzodiazepine receptor, in the induction of apoptosis in both Jhan and K562 cells. Thus, HIV-1 Tat protein may induce apoptosis by a mechanism that involves mitochondrial PT and may contribute to the lymphocyte depletion seen in AIDS patients.
Introduction
The human immunode®ciency virus (HIV), the agent etiologically related to the acquired immunode®ciency syndrome (AIDS) (Barre-Sinoussi et al., 1983) , preferentially infects helper inducer T lymphocytes (Dalgleish et al., 1984) . Termination of the long latency of AIDS in patients infected with HIV-1 is marked by a profound depletion of CD4 + T cells and the decline of HIV-1 speci®c cytotoxic CD8 + T cells (Meyaard et al., 1992 (Meyaard et al., ,1994 . The mechanisms by which HIV-1 kills immune cells are not completely understood. Some of these mechanisms are related to direct HIV-1-mediated cytophatic eects, but the mean production rate of HIV-1 virions in infected individuals (1.1610 8 ± 6.8610 8 per day) cannot explain the destruction rate of lymphocytes in infected individuals (1.8610 9 ± 2610 9 per day) by direct killing (Ho et al., 1995; Wei et al., 1995) . Moreover, a growing body of evidence points out that apoptosis may play an important role in AIDS pathogenesis. Reports from dierent laboratories have shown enhanced apoptosis in lymph nodes of HIV-1-infected patients (Fauci, 1993; Gougeon et al., 1993; Muro-Cacho et al., 1995) , and in lymphocytes isolated from AIDS patients, in which both CD4 + and CD8 + T cells have been primed in vivo for the apoptotic pathway and subsequent stimulation may drive the process to completion Lewis et al., 1994; .
The molecular mechanism of apoptosis in HIV-1 infection is largely unknown but several reports indicate that T cell apoptosis might be aected by viral proteins such as HIV-Tat (Li et al., 1995; McCloskey et al., 1997; Patki and Lederman, 1996; Sastry et al., 1996; Westendorp et al., 1995a; Zauli et al., 1996) , and gp120 (Banda et al., 1992; Herbein et al., 1998; Tuosto et al., 1995; Westendorp et al., 1995a) . It has been shown that HIV-1-Tat upregulates the expression of CD95L in human peripheral T cells and accelerates CD95-mediated apoptosis (Westendorp et al., 1995a) , and that this viral protein can downregulate not only the bcl-2 gene expression in a variety of hematopoietic cell types, but also increase the expression of the proapoptotic gene Bax (Sastry et al., 1996) . It is now well known that bcl-2 family of proteins exerts its anti-apoptotic or pro-apoptotic function at the mitochondria levels (Adams and Cory, 1998; Susin et al., 1996; Zamzami et al., 1996) .
According to the current understanding, the apoptotic cascade is controlled mainly by the mitochondria (Green and Reed, 1998; Kroemer et al., 1997; Yang and Cortopassi, 1998) , through a process called permeability transition (PT), and the release of apoptogenic factors such as AIF and cytochrome-c. At least, there are two general mechanisms that induce PT : the ®rst one, which is mediated by ICE (interleukin-1b converting enzyme, caspase-1) is independent of the protective eect of Bcl-2 (typical of Fas-induced apoptosis). The second mechanism is activated by death factors that mediate a prooxidative environment, and is Bcl-2 dependent. Notwithstanding, the mitochondrial release of AIF and cytochrome-c activates other caspases and enzymes, such as CPP32/caspase-3, which results in the degradation of a number of substrates, including poly-(adenine diphosphate ribose) polymerase (PARP), lamins and the recently cloned DNA fragmentation factor , leading to the morphological and biochemical alterations in nuclear and chromatin structures of cells Susin et al., 1997; Thomberry and Lazebnik, 1998) . Overexpression of Bcl-2 or Bcl-X L blocks the mitochondrial release of cyt-c, thereby preventing the activation of caspase-3 and apoptosis Yang et al., 1997) .
Chronic myelogenous leukemia (CML) is a malignancy of hematopoietic cells caused by the disregulated activity of the bcr-abl gene that renders these cells highly resistant to antileukemic drug-induced apoptosis (Ray et al., 1996) , and also to Fas-induced apoptosis (McGahon et al., 1995) . Recently, Amarante-Mendes et al. (1998a,b) have shown that the protective activity of the bcr-abl gene is independent of Bcl-2 expression, and it is mediated by the inhibition of the upstream preapoptotic mitochondrial events by blocking the release of cyt-c, thus inhibiting the cleavage and activity of caspase-3 and subsequent apoptosis.
In the present report using K562 cells (a CML derived cell line) and Jhan cells (a T cell leukemia derived clone), we show that stable expression of HIV-1 Tat primed the cells to undergo apoptosis by serum withdrawal. Apoptosis was preceded by a loss of the mitochondria membrane potential (Dc m ) and the cleavage and activation of caspase-3/CPP-32. The role of Tat over the mitochondria function was highlighted by the fact that this viral protein accumulates in the mitochondria a step before the disruption of the mitochondria membrane potential occurs.
Results

Induction of apoptosis in K562 and K562-Tat cells by serum withdrawal
To study the potential eects of HIV-1 tat on cellular growth in the erythroleukemic cell line K562, we transfected the parental cell line with a plasmid that contains the full length cDNA Tat gene driven by the CMV promoter and the neomycin resistant gene as a selection marker. To detect Tat expression in the K562-Tat clones obtained by limiting dilution, the clones were transiently transfected with the HIV-1-LTR-Luc plasmid (MunÄ oz et al., 1997) and 24 h later the luciferase activity measured in a luminometer. We detected high levels of HIV-LTR transcription in several K562-Tat clones (Figure 1 ), which were pooled to generate the K562-Tat cell line in order to avoid false results due to clonality.
In Figure 2 , it is shown that in exponentially grown K562 and K562-Tat cells, the percentage of cells showing a loss of nuclear DNA (chromatinolysis) measured by an increase in the frequency of subdiploid (apoptotic) cells was very low (5 and 4% respectively). In K562-Tat cells, the shift to lower serum culture conditions (0.1% FCS), resulted in an increase in the percentage of apoptotic cells that was clearly detected after 48 h of serum withdrawal (16%), and increased with time being the percentage of apoptotic cells about 60% after 96 h of culture. In contrast, the parental K562 cells were highly resistant to apoptosis induced by serum withdrawal and only 23% of the cells showed chromatinolysis after 96 h of culture. From these data, it is clear that expression of HIV-1 Tat by itself does not induce apoptosis, but primed the CML cell line to undergo cell death after the apoptotic stimuli mediated by serum withdrawal.
Loss of mitochondrial membrane potential (Dc m ) and reactive oxygen species (ROS) generation in K562-Tat cells Although most of the apoptotic stimulus known so far lead ®rst to the Dc m dissipation followed by a hyperproduction of ROS , it has been shown that in other apoptotic systems, ROS production precedes Dc m (France-Lanord et al., 1997; Macho et al., 1998; Quillet-Mary et al., 1997) . To study the role of the mitochondria membrane potential and ROS generation in both K562 and K562-Tat cells, we incubated the cells under low serum conditions (0.1% FCS) for dierent times. Then, ROS generation and Dc m dissipation were detected by double staining experiments, using HE (non-¯uorescent) that becomes ethidium (Eth, red uorescent) after its oxidation via ROS, and DiOC 6 (3) (green¯uorescent), a cationic probe that accumulates into mitochondria as a function of its potential. In Figure 3a we (3) low cells after 48 h of culture, which was more evident after 72 h, while the percentage of (HE?Eth) high cells only was detected at the later time ( Figure 3b ). Since caspase-activating factors are released after mitochondria permeability transition (Green and Reed. 1998), we were interested in studying the activity of caspase-3 in K562-pcDNA and K562-Tat cells that were cultured under low serum culture conditions. Thus, we incubated both cell lines in 0.1% FCS and then the cells were collected at dierent times, lysed and caspase-3 activity measured using Ac-Asp-Glu-Val-Asp-pNa (Ac-DEVD-pNa) as substrate. In Figure 3c it is shown that caspase-3 activity is clearly increased in K562-Tat cells only after 72 h of serum withdrawal, while in K562-pcDNA cells a slight increase in this activity was found only after 96 h of culture in 0.1% FCS. Altogether, these results indicate that Tat primed K562 cells to undergo Dc m disruption, caspase-3 activation and apoptosis.
The caspase-3 inhibitor, z-DEDV-cmk, does not prevent the mitochondria permeability transition in Jhan-Tat cells
In the previous results it cannot be demonstrated whether caspase-3 activation precedes or not the loss of mitochondrial transmembrane potential in K562-Tat . K562-pcDNA and K562-Tat cells were shifted from 10 to 0.1% FCS at dierent times, harvested and stained as described above. The results are the mean+s.d. of three independent experiments. (c) Caspase-3 activity in K562-pcDNA and K562-Tat cells. The cells were shifted from 10 to 0.1% FCS and harvested at dierent times, lysed and caspase-3 activity measured using the substrate Ac-DEVD-pNa. The results are the mean+s.d. of three independent experiments cells. To study this point, we chose the Jurkat derived cell clone, Jhan-Tat, which undergoes apoptosis upon serum withdrawal more rapidly than K562-Tat cells (Li et al., 1995; Westendorp et al., 1995a) . Thus, Jhan-Tat cells and the parental Jhan cell line were incubated with the cell-permeable caspase-3 inhibitor z-DEVDcmk, and half of the cells were cultured in medium containing 10% FCS, and the other half cultured under low serum conditions (0.1% FCS) for 6 h. Then, ROS generation and Dc m dissipation were detected as described above for K562 cells. In Figure 4a, high cells in the parental Jhan cell line (20 and 9% respectively); these percentages were clearly increased in Jhan-Tat cells (31 and 15% respectively), and they were not aected by the presence of the caspase-3 inhibitor, which, on the contrary, was able to inhibit DNA fragmentation induced by serum withdrawal in Jhan-Tat cells (Figure 4b ). Nevertheless, z-DEVD-cmk did not aect the percentage of viable cells in Jhan-Tat cells, suggesting in this case that cell death induced by Tat is mediated by a necrotic pathway allowed by the mitochondria permeability transition . This result reinforces the hypothesis that the mitochondria plays a key role in Tat-induced cell death.
Expression of Bcl-2, Bcl-X L , Bax and CPP-32 in K562 and K562-Tat cells
The levels of Bcl-2, Bcl-X L , Bax and CPP-32 were determined by Western analyses of the proteins extracts of K562 and K562-Tat cells cultured either in 10% FCS or in 0.1% FCS for 72 h. Figure 4 shows that K562 cells express low levels of the Bcl-2 protein that were slightly decreased in K562-Tat cells. As expected, K562 cells expressed high levels of the Bcl-X L protein similar to those found in K562-Tat cells. In addition, the steady state of the proapoptotic protein Bax was similar in both K562 and K562-Tat cells. When the cells were shifted to low serum condition for 72 h, and Dc m disruption and apoptosis easily detected in K562-Tat cells (Figures 2 and 3a) , we found that the levels of Bcl-2, Bcl-X L , and Bax proteins were not modi®ed in K562 and K562-Tat cells when compared to cells cultured in 10% FCS (Figure 5a) . It has been shown that Bax is a cytoplasmic protein in many cell types that upon apoptogenic stimuli redistributes to organelle membranes and to mitochondria (Zha et al., 1996; Wolter, 1997) . Thus, we studied the localization of Bax protein in K562 and K562-Tat cells before and after serum withdrawal. By ultrastructural studies and immunolocalization with a speci®c anti-bax antibody, we found that in both cell lines cultured in 10% FCS, more than 90% of the protein was located in the nucleus, and 48 h after serum withdrawal the protein was found to be translocated to cytosol with a particular accumulation in the mitochondria. The eect of Bax redistribution by serum withdrawal was found in both K562-pcDNA (not shown) and K562-Tat cells (Figure 5b) , suggesting that the mobilization of Bax from nucleus to cytoplasm is a Tat-independent event. It is noteworthy that although the K562 cell line is resistant to apoptosis, its 32-kD CPP-32 levels are similar to those found in K562-Tat cells. Nevertheless, . Exponentially growing cells were shifted from 10 to 0.1% FCS in the conditions described above, harvested after 8 h and apoptosis measured by cell cycle analysis with PI since the activation of CPP-32 is mediated by cyt-c and is due to its cleavage into 20-and 12 kD fragments Yang et al., 1997) , the levels of CPP-32 in K562-Tat cells were considerably low when compared with the parental K562 cell line (Figure 5a ), and this result correlated with the increased activity of caspase-3 found in serum deprived K562-Tat cells (Figure 3c ).
Cellular location of HIV-Tat protein in K562-Tat cells
Ultrastructural examination of K562-Tat cells cultured in low FCS conditions revealed the morphologic hallmarks of apoptosis. The ultrastructure of a single cell from K562-Tat growth in low FCS media after 24, 48 and 72 h, using transmission electron microscopy is shown in Figure 5 . Typical features of apoptosis such as chromatin condensation, electron-dense appearance of the cytoplasm and membrane-bound structures were seen only after 72 h of culture in 0.1% FCS. Interestingly, when the location of Tat protein was studied, it was found that this protein was present in the cytoplasm and nuclei of K562-Tat cells even after 24 h of low serum conditions culture (Figure 6a,b) . After 48 h culture, when the Dc m disruption can be detected (Figure 3b ), we found that Tat protein localized almost exclusively in the mitochondria (Figure 6c ), and after 72 h, when the cellular apoptosis was most evident, Tat was found to localize again in the cytoplasm and in the nucleus (Figure 6d ). The location of the cellular protein c-rel did not show changes in K562-Tat cells cultured under low serum condition from 0 to 72 h (data not shown).
Susceptibility of Tat transfected cells to protoporphyrin-IX (PPIX) induced apoptosis
PPIX, a ligand of the benzodiazepine receptor, induces Dc m dissipation and apoptosis in several cell types, and these eects can be partially overcome by the enhanced expression of Bcl-2 and by bongkrekic acid . To study the eect of PPIX in HIV-Tat transfected cells, we incubated the cells in medium containing 10% FCS and increasing doses of PPIX. After 18 h of treatment the percentage of subdiploid cells was determined by PI staining and cytofluorimetric analyses. It is shown in Figure 7 that K562-pcDNA cells were more sensitive to undergo apoptosis by PPIX than Jhan cells. This apoptosis was preceded by a Dc m disruption, which indicated that PPIX trigger PT transition either in Bcl-2 expressing cells (Jhan) or in Bcl-2 non expressing cells (K562-pcDNA) (data not shown). Nevertheless, in both types of cells the expression of HIV-Tat protein resulted in a significant increase in the percentage of apoptotic cells in response to PPIX. Thus, PPIX and Tat have synergistic eects on apoptosis independent of the cell type.
Discussion
It is generally accepted that apoptosis is considered one of the major mechanisms of CD4 + T cell depletion in HIV-1 infected patients, which generally occurs in bystander cells (Finkel et al., 1995) . The mechanisms by which HIV-1 kills uninfected cells remain to be fully Sastry et al., 1996; Westendorp et al., 1995a; Zauli et al., 1996) , the molecular and biochemical pathways activated by HIV-1 Tat to induce apoptosis are controversial so far (McCloskey et al., 1997; Zauli et al., 1996) .
In agreement with our results, it has been shown that stable HIV-1 Tat-transfected cell lines undergo apoptosis upon serum withdrawal (Li et al., 1995; Sastry et al., 1996) . Serum withdrawal can induce lipid peroxidation and the hydrolysis of sphingomyeline which increase the levels of endogenous ceramide (PenÄ a et al., 1997) and mitochondrial PT (Wadia et al., 1998) . Nevertheless, K562 cells that express the bcrabl gene are protected against this type of apoptotic stimuli and we show here that HIV-Tat may bypass this protection and induce apoptosis. It has been suggested that the protection mediated by the bcr-abl gene can be mediated by its disregulated tyrosine kinase activity (Dan et al., 1998) , and/or by targeting activated Raf-1 to the mitochondria (Salomoni et al., 1998) . Thus, bcr-abl protection may occur at the mitochondrial level probably by post-transcriptional modi®cations of the pro-apoptotic protein Bad (Amarante-Mendes et al., 1998b; Zha et al., 1996) . Bad is a TM-less member of the Bcl-2 family that in its unphosphorylated form, heterodimerizes with membrane-bound Bcl-X L and Bcl-2, neutralizing their protective eect (reviewed in Kroemer, 1997) . Although the phosphorylation status of Bad in K562 and K562-Tat cells remain to be investigated, it is tempting to speculate that Tat localized in the mitochondria may activate some phosphatases that mediate Bad dephosphorylation, then allowing to form heterodimers with Bcl-X L to exert its apoptotic function (Gajewski and Thompson, 1996; Zha et al., 1996) . In this sense, the role of serine phosphatases in the process of apoptosis has been also suggested (Morana et al., 1996) . Alternatively, Tat may inhibit the activity of the kinase Raf-1, which has been shown to phosphorylate Bad inhibiting its pro-apoptotic function (Wang et al., 1996) .
Dierent reports have shown that mitochondria permeability transition depends on the redox status of the cells, that probably in¯uences oxidationreduction sensitive thiol groups of the mitochondrial megachannels (Costantini et al., 1996; Marchetti et al., 1997) . Moreover, it is assumed that a decrease of intracellular reduced-glutathione may be a key event in cells that are exposed to apoptotic stimuli Slater et al., 1996) . Accordingly, Tat suppressed the expression of the Mn-dependent superoxide dismutase, a mitochondrial enzyme that is part of the cellular defense against oxidative stress, and the immediate result of this suppression could be the reduction of the total amount of reduced-glutathione (Westendorp et al., 1995b) . Thus, it is possible that HIV-1 Tat protein through this mechanism could induce thiol-oxidation of the mitochondrial megachannel, and then allowing mitochondrial PT and the accumulation of ROS after serum withdrawal.
Recently, it has been shown that RGD containing peptides induce apoptosis by a novel pathway that is mediated by direct cleavage of pro-caspase 3 (Buckley et al., 1999) . Thus, although the Tat protein of HIV-1 contains an RGD motif encoded by the second exon, we did not ®nd caspase-3 activation in stably Tattransfected cells cultured in 10% FCS, and our results suggest that disruption of mitochondria potential precedes the procaspase-3 cleavage found after serum withdrawal. Interestingly, extracellular Tat may activate some caspases before inducing mitochondrial ROS production (Kruman et al., 1998) , and this may be related with the ability of Tat protein to be internalized and perhaps to activate procaspase-3. Altogether, it is tempting to speculate that the apoptotic pathways mediated by Tat may be biochemically dierent whether Tat is intracellular or extracellular.
Recently, Marzo et al. (1998) have demonstrated that Bax, another pro-apoptotic member of the Bcl-2 family, can interact physical and functionally with the adenine nucleotide translocator element of the permeability transition pore complex (PTPC). In addition, the interaction between these two proteins is required for atractyloside, a PT pore opening agent, to induce Dc m disruption and nuclear apoptosis (Marzo et al., 1998) . Also, the ectopic expression of Bax induces an early release of cytochrome c from mitochondria that is inhibited by Bcl-X L (Finucane et al., 1999) . Although Bax is cytosolic in many cell types, it has also been found in the nucleus where it may have a yet to be described function (Mandal et al., 1998; Nishita et al., 1998) . We show here that Bax is located in the nucleus, both in K562 and in K562-Tat cells, and upon serum withdrawal it is translocated to the cytoplasm and partially accumulates in the mitochondria. Bax mobilization is independent of the presence of Tat, but it may collaborate with this viral protein in the loss of mitochondrial transmembrane potential detected K562-Tat cells. It will be interesting to study whether or not the protection against apoptosis mediated by the bcr-abl gene is related to the nuclear localization of Bax (Amarante-Mendes et al., 1998a) . Taking into account the redistribution of Bax and the fact that Tat localizes in the mitochondria, we can suggest that a putative interaction between Tat, Bax and the PTPC could mediate the eects of the viral protein on mitochondrial PT. This is an intriguing possibility that is currently under investigation. Another possibility is that Tat may interact with the benzodiazepine receptor, another compound of the PTPC, although the ®nding that PPIX synergizes with Tat to induce apoptosis favors the idea that Tat may interact with other PTPC elements rather than the benzodiazepine receptor.
Taken together, these results provided evidence that HIV-1 Tat is a pro-apoptotic protein that mediates its eects by a complex mechanism that implies the disregulation of the mitochondrial function followed by caspase-3 activation.
Materials and methods
Cell lines and reagents
The erythroleukemic K562 cells (ATCC, Rockville, MD, USA) were maintained in exponential growth in RPMI 1640 medium (Bio-Whittaker, VerViers, Belgium) supplemented with 10% heat inactivated FCS, 2 mM L-glutamine and the antibiotics penicillin and streptomycin (Gibco, Paisley, Scotland). K562-Tat cells were generated by transfecting K562 cells with the pcDNA3-Tat plasmid using a Gene Pulser electroporator (150 V, 960 mFa) (Bio-Rad Laboratories, Hercules, CA, USA). Forty-eight hours after electroporation the cells were cloned by limiting dilution in medium containing the antibiotic G418 (200 mg/ml). Jhan, a clone derived from the Jurkat cell line, and Jhan-Tat cells were generously provided by M Fresno (UAM-CSIC, Madrid, Spain). The anti-Bcl-2 mAb, Ab-1, was obtained from Calbiochem (Cambridge, MA, USA), rabbit polyclonal anti-Bcl-X L was from Transduction Lab (Lexington, KY, USA), rabbit polyclonal anti Bax was purchased from Santa Cruz (San Diego, CA, USA), rabbit polyclonal Ab anticaspase 3 (CPP-32) was obtained from Dako Corp (Carpinteria, CA, USA), and rabbit polyclonal Ab anti-Tat was from ABT (Boston, MA, USA). Z-Asp-Glu-Val-Aspchloromethylketone (Z-DEVD-cmk) was purchased from Bachem AG (Basel, Switzerland). All other reagents were from Sigma Chemical Co. (St. Louis, MO, USA).
Cyto¯uorimetric analysis of mitochondrial transmembrane potential, ROS generation and nuclear DNA loss
To evaluate the mitochondrial transmembrane potential (DC m ) and the superoxide anion generation (ROS), cells (10 6 /ml) were incubated in PBS with DiOC 6 (3) (green uorescence) (20 nM) (Molecular Probes Europe, Leiden, The Netherlands) and dihydroethidine (HE) (red¯uorescent after oxidation) (2 mM) (Sigma) for 20 min at 378C, followed by analysis on an Epics Pro®le II Analyzer cyto¯uorimeter (Coulter, Hialeah, FL, USA). The percentage of cells undergoing chromatinolysis (subdiploid cells) was determined by ethanol ®xation (70%, for 24 h at 48C), followed by RNA digestion (RNAse-A, 50 U/ml) and propidium iodide (PI, 20 mg/ml) staining, and analysed by cyto¯uorimetry.
Western analyses of apoptosis related proteins
To detect Bcl-2, Bcl-X L , Bax and CPP-32 proteins, K562 and K562-Tat cells (1610 6 cells/ml) were shifted from 10% to 0.1% FCS medium for the indicated time. Then, cells were spun and the pellets resuspended in 50 ml of lysis buer (20 mM HEPES pH 8.0, 10 mM KCl, 0.15 mM EGTA, 0.15 mM EDTA, 0.5 mM Na 3 VO 4 , 5 mM NaFl 1 mM DTT, leupeptin 1 mg/ml, pepstatin 0.5 mg/ml, apronitin 0.5 mg/ml, and 1 mM PMSF) containing 0.5% NP-40. After 5 min on ice, cytoplasmic proteins were obtained by centrifugation and protein concentration determined by a Bradford assay. Thirty mg of proteins were boiled in Laemmli buer and electrophoresed in 10% SDS/polyacrylamide gels. Separated proteins were transferred to nitrocellulose membranes (0.5 A at 100 V; 48C) for 1 h. The blots were blocked in TBS solution containing 0.1 % Tween 20 and 5% nonfat dry milk overnight at 48C, and immunodetection of speci®c proteins was carried out with primary antibodies using an ECL system (Amersham, UK).
Measurement of Caspase-3 activity 3610 6 cells were resuspended in 100 ml of lysis buer (50 mM PIPES [pH 7], 50 mM KCl, 5 mM EGTA, 2 mM MgCl 2 , 1 mM DTT, 20 mM Cytochalasin B, 1 mM PMSF, and 1 mg/ ml of each Leupeptin, Aprotinin and Pepstatin A). Five repeated cycles of freezing and thawing in liquid nitrogen accomplished the lysis. The homogenate was then spun at 10 000 g for 15 min at 48C, the supernatant collected, and the protein concentration determined by the Bradford assay. Caspase-3 activity was measured using a colorimetric substrate containing the cleavage site DEVD, Ac-DEVDpNa. Brie¯y, 50 mg of protein was incubated in 200 ml reaction buer (100 mM HEPES [pH 7.5], 10% sucrose, 0.1% CHAPS, 5 mM DTT and 0.1 mg/ml BSA) containing 100 mM Ac-DEVD-pNa, for 4 h at 378C. The activity (nmol min 71 mg protein 71 ) was determined measuring the p-Nitroaniline (pNa) released (e=9160 M 71 cm 71 at 405 nm).
Immunocytochemical detection of Tat and Bax proteins by transmission electron microscopy
The cells were collected in conical tip Beem capsules (BioRad Lab), washed twice with PBS and ®xed with ®xative solution (2% glutaraldehyde in phosphate buer 0.01 M) for 2 h, and post-®xed with 1% osmium tetroxide for 1 h. Following dehydration with ethanol the cells were embedded in Durcupan 1 ACM (Fluka Chemika-Biochemika, Buchs, Switzerland). Sections of approximately 300 nm were collected on 300-mesh nickel grids. After etching with a saturated aqueous solution of sodium metaperiodate, (1:1000 dilution in Tris buer 0.1 M), either a polyclonal rabbit antiTat or anti-Bax were used as the ®rst antiserum. The cells were identi®ed on ultrathin sections by immunogold (15 nm in diameter; Janssen Life Sci, Glen, Belgium) (Roth, 1983) . After immunostaining, grids were stained with uranyl acetate and lead citrate. The preparations were examined under a Phillips CM 10 electron microscope. The immunoreaction speci®city for rabbit anti-Tat and anti-Bax antiserum was examined by removing the antiserum, replacing the antiserum with normal rabbit serum.
Abbreviations
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